Editorial
S
ince the original description of hypoxic pulmonary vasoconstriction (HPV) by Von Euler and Liljestrand in 1946, where they concluded, "breathing of pure oxygen lowered the pulmonary arterial pressure and oxygen-lack raised it,"
1 the precise oxygen-sensing mechanism within the lungs has remained an enigma. Nevertheless, there seems to be some agreement to an overall mechanism for HPV: the primary oxygen sensor is the pulmonary artery smooth muscle cells (PASMC) mitochondrial electron transport chain (ETC); the ETC-produced superoxide/ reactive oxygen species (ROS) is the mediator; and redox-sensitive plasma membrane voltage-gated potassium (Kv) channels are the effectors. 2 Intriguingly, a similar sensor-mediator-effector model seems to operate in other areas where oxygen is sensed in the body, such as the ductus arteriosus or the carotid body. 2 But many controversies exist. Although several groups, including ours, show that acute hypoxia decreases superoxide production from ETC complexes I and III, others find that hypoxia increases superoxide production. 2, 3 Regardless, most agree that it is the more stable and diffusible hydrogen peroxide (H 2 O 2 ), produced from superoxide via the mitochondrial MnSOD (manganese superoxide dismutase) that eventually reaches the cell membrane to regulate Kv channels. 2, 3 However, once again controversy exists. Many groups, including ours, show that decreased levels of H 2 O 2 (a reducing signal) directly inhibits Kv channels (like Kv1.5), 2, 3 depolarizing the plasma membrane, increasing Ca 2+ influx through L-type Ca 2+ channels, and causing PASMC contraction 2, 3 (Kv channels are intrinsically redox sensitive and animals lacking Kv1.5 lack HPV 4 ). Others suggest that increased levels of H 2 O 2 (an oxidative signal) primarily result in an endoplasmic reticulum-mediated calcium release, with K + channel inhibition as a downstream effect. 3 Much has been written about the first controversy, which tends to be explained by methodological differences between studies and less about the second 3 ; but these controversies are not the focus of this editorial.
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Early work by Archer and Weir (who first proposed the redox theory of HPV 5 ) showed that pharmacological inhibitors of ETC complexes I and III mimic hypoxia, in part by decreasing ROS production and inhibiting PASMC Kv channels and that in the presence of these ETC inhibitors, HPV is absent. We later showed that malonyl-CoA decarboxylase-deficient mice (which have sustained mitochondrial pyruvate dehydrogenase activity during hypoxia, and thus sustained ability to produce the reduced form of NADH [nicotinamide adenine dinucleotide], the electron donor for ETC complex I) are resistant to both HPV and the development of chronic hypoxiainduced pulmonary hypertension (CH-PH). 6 Malonyl-CoA decarboxylase-deficient PASMCs maintain mitochondrial ROS production and Kv channel activation during both acute and chronic hypoxia, 6 suggesting that a similar mitochondrial ROS-Kv channel axis may be relevant in both HPV and CH-PH. Despite such links between the ETC and HPV, identification of a specific molecular target within the ETC (as each complex consists of a multitude of subunits) is missing.
In this issue of Circulation Research, Sommer et al 7 make a molecular dive into the ETC and report for the first time that a specific subunit of ETC complex IV is critical for HPV. The authors identified isoform 2 of Cox 4 (Cox4i2), a subunit of the mitochondrial complex IV, as an oxygen-sensing protein important for acute HPV. 7 They showed that Cox4i2 is preferentially expressed in PASMCs (at least compared with pulmonary artery endothelial cells, pulmonary fibroblasts, or the aorta). 7 In isolated ventilated/perfused lungs from Cox4i2 knockout mice, HPV was blunted compared with wild-type controls.
7 Cox4i2 knockout PASMCs, isolated from precapillary arteries, had reduced Kv current inhibition, decreased plasma membrane depolarization, and intracellular [Ca 2+ ] in response to acute hypoxia compared with wild-type PASMCs. 7 Superoxide levels (measured by electron spin resonance) and mitochondrial membrane potential (∆ψ m ) increased in acutely hypoxic wild-type PASMCs but not in Cox4i2 knockout PASMCs.
7 Intriguingly, respiration rates were similar between both Cox4i2 knockout and wild-type PASMCs in response to hypoxia, 7 suggesting for the first time that overall mitochondrial function does not have to be inhibited for HPV to be suppressed. When the authors introduced both isoforms of Cox4 (i1 or i2) in Cox4i2 knockout PASMCs, only the i2 isoform reinstated the increase in hypoxia-induced superoxide production. 7 Compared with Cox4i1, Cox4i2 has several cysteine residues that are proposed to modulate allosteric ATP inhibition of Cox4 activity. Mutation of cysteines, including cysteine-109, to either serine or alanine blunted the hypoxic increase in superoxide. 7 This suggested that cysteine-109 of Cox4i2 is a hypoxic sensor essential for the increase in superoxide that subsequently results in increased intracellular [Ca 2+ ] and PASMC contraction. Intriguingly, Cox4i2 knockout mice develop CH-PH to a similar degree to wild-type control mice, suggesting that Cox4i2 is important only for HPV. 7 This is an
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important discovery that describes for the first time a specific molecular target of hypoxia within an ETC complex. Regarding the controversies discussed earlier, the authors used the gold-standard technique of electron spin resonance and had quenched the experiment by freezing the PASMCs during the hypoxic incubation, thereby limiting any chance for reoxygenation. 7 But a limitation of this technique is the inability to discriminate between mitochondrial and plasma membrane ROS production. Such tools are now available and able to measure ROS even within submitochondrial compartments. 8 Furthermore, the electrophysiology experiments needed more depth to defend their finding that H 2 O 2 inhibits Kv channel function, 7 a finding that opposes numerous papers in the literature that describe a direct H 2 O 2 activation of Kv channels. 2, 3 Could both sides be correct? Thiol-containing amino acids, such as cysteine, can undergo a gradient of redox modifications that we now know include reducing (-SH) or oxidative modifications like disulfide bonds, -SOH, -SO 2 H, -SO 3 H, or -SSG (glutathionylation). 9 Kv channels are rich in cysteines, and reduced Kv channels (eg, -SH) are inhibited. 2 But while 1 type of oxidation modification (ie, disulfide bond) can activate, a different or stronger oxidative modification (eg, SOH or SO 3 H) may inhibit Kv channels. For example, -SOH cysteine modification inhibits atrial Kv1.5 activity. 10 This means that the relative distance between the source of the ROS production and its target is important because the strength of the redox signal tends to decrease with distance. Unfortunately, most studies in the field do not study the precise types of redox modifications on Kv channels because several cysteine modifications were only recently identified. 9 An interesting observation in this study is that Cox4i2 knockout mice were resistant to acute HPV but developed a similar degree of CH-PH to wild-type controls 7 (in contrast to our malonyl-CoA decarboxylase knockout mice 6 ). The authors do not address this remarkable difference, but 1 potential explanation could be that Cox4i2 is important in stabilizing the recently identified mitochondrial supercomplexes.
11
Conventional ETC complex organization and function depend on a fluid state, with the transfer of electrons from NADH or FADH 2 (flavin adenine dinucleotide) through independent complexes within the ETC, to oxygen at complex IV. This is based on a specific order of ETC complexes down a redox potential gradient favoring electron flux from complexes I-II to III to IV. During this process, protons are extruded across the inner mitochondrial membrane generating the ∆ψ m . The fluid state is associated with the generation of superoxide as a result of electron leaks from ETC complexes I and III and reaction with molecular oxygen (Figure, left) . Recently, a solid state with a higher organization of the ETC components into supercomplexes of defined stoichiometry has been described. 11 For example, 1 supercomplex termed the respirasome was shown to have a dimer of complex III integrated with both complex I and IV; and this supercomplex was able to pass electrons from NADH to molecular oxygen 12 (Figure, right) . The major difference between the fluid state (independent ETC complexes) and solid state (1 integrated supercomplex) is that the latter is associated with decreased production of ROS 13 because there is minimal or no electron leak, along with increased ∆ψ m . Recent evidence suggests that complex IV subunits, such as Cox7AR, are involved in the formation or dispersion of supercomplexes 14 and that complex IV is critical for supercomplex respiration.
14 Furthermore, chronic hypoxia-induced proteins can stabilize Cox-dependent supercomplexes, 15 suggesting that sustained hypoxia could shift the ETC from a fluid to solid state. This is in keeping with work showing that CH-PASMCs are associated with decreased mitochondrial superoxide production and increased ∆ψ m compared with normoxic controls. 6 Thus, it is plausible that during acute hypoxia, the ETC is in a fluid state, resulting in an increase in electron leak and superoxide production, but during CH, the ETC adapts via transcription of hypoxia-dependent proteins that stabilize the supercomplex, 15 and transitions to a solid state, perhaps to limit the sustained production of superoxide. Although a specific role for Cox4 in supercomplex regulation has not yet been identified, it could explain many of the findings from Sommer et al. 7 For example, it is possible that in Cox4i2 knockout or cysteine-109 mutant PASMCs, the ETC is predominantly in a solid state, Figure. The electron transport chain (ETC) is comprised 4 different complexes (CI, CII, CIII, and CIV). In a fluid state (left), the ETC complexes are organized as 4 independent entities. Electrons donated from either NADH or FADH 2 to complexes I or II, respectively, are eventually coupled with molecular oxygen to produce water at complex IV. This is associated with movement of protons (H + ) across the mitochondrial inner membrane to generate the mitochondrial membrane potential (∆ψ m ). The fluid state is associated with the generation of superoxide as a result of electron leaks from complexes I and III of the ETC. In a solid state (right), ETC components form 1 integrated supercomplex. For example, complex I integrates with a dimer of complex III and complex IV and receives an electron from NADH, moves protons across the mitochondrial inner membrane, and donates the electron to molecular oxygen to generate water. The solid state, which can be induced by chronic hypoxia, produces less superoxide because of minimal electron leak and higher ∆ψ m . FADH 2 indicates flavin adenine dinucleotide; NADH, nicotinamide adenine dinucleotide; and ROS, reactive oxygen species.
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Oxygen Sensing in the Pulmonary Circulationand this would explain the decrease in superoxide production, along with a similar respiration rate compared with control PASMCs exposed to acute hypoxia (as complex IV in both the fluid and solid state would consume oxygen at a similar rate). Furthermore, because the ETC in Cox4i2 knockout PASMCs could be maintained in a solid state, it may explain why Cox4i2 knockout animals develop CH-PH to a similar degree to wildtype controls (which switch from a fluid to solid state during acute to chronic hypoxia).
More work is required to precisely understand the molecular mechanism by which Cox4i2 regulates superoxide production, the potential role of supercomplexes, and the redox regulation of Kv channels. Other unanswered questions include the following: is Cox4i2 also involved in the ductus arteriosus or carotid body oxygen sensing? How is Cox4i2 regulated in systemic arterioral smooth muscle cells (like renal arterioles), which dilate in hypoxia? 16 The identification of Cox4i2 as an integral component of HPV, despite the controversies discussed, brings ETC molecular biology into the physiology and biochemistry of oxygen sensing, a welcome and important addition. 
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